Introduction
============

Allogeneic hematopoietic cell transplantation (HCT) is an important therapeutic option for a wide range of malignant and non-malignant disorders, including acquired and genetic anomalies.^[@b1-1040392]--[@b3-1040392]^ However, it remains plagued by bone marrow failure or graft-*versus*-host disease (GvHD), which develop in approximately 50% of allogeneic HCT recipients.^[@b4-1040392]^ With a death rate in the range of 15%,^[@b5-1040392]^ acute GvHD thus remains a major medical challenge, especially in older patients and in steroid-resistant individuals in whom mortality reaches 90%.^[@b6-1040392]^

A hallmark of acute GvHD is the release of inflammatory cytokines and a pathogenic contribution has been demonstrated for tumor necrosis factor-alpha (TNFα),^[@b7-1040392]^ interleukin(IL)-6,^[@b8-1040392]^ IL-23^[@b9-1040392]^ and more recently IL-27.^[@b10-1040392],[@b11-1040392]^ This last, a member of the IL-6 and IL-12 families, is a cytokine with multiple activities^[@b12-1040392]^ that both promotes Th1 type immune reactions^[@b13-1040392]^ and restrains excessive inflammation.^[@b14-1040392]^ IL-27 is formed by non-covalently linked p28 (also called IL-30)^[@b15-1040392]^ and Epstein-Barr virus-induced gene 3 product (EBI3), which are structurally related to IL-12p35 and IL-12p40, respectively.^[@b13-1040392]^ IL-27 binds to a heterodimeric receptor, comprising WSX-1/IL-27Rα and gp130. This receptor signals through STAT1 and STAT3 and is expressed on hematopoietic stem cells, all lymphoid and myeloid cells, vascular endothelium and keratinocytes.^[@b16-1040392]^ IL-27 is produced by macrophages, monocytes and dendritic cells (DC) and its receptor is expressed on memory CD4 and CD8 T cells.^[@b13-1040392],[@b17-1040392],[@b18-1040392]^ In the context of GvHD, IL-27 inhibition confers protection by downregulating interferon-gamma (IFNγ) and upregulating Foxp3-expressing regulatory T cells (Treg) that represent a major control point of GvHD severity, as reported previously.^[@b19-1040392]--[@b21-1040392]^

We recently made the surprising observation that lactate dehydrogenase elevating virus (LDV), a single-stranded positive-sense RNA enveloped mouse nidovirus, enhanced survival in the lethal form of acute GvHD induced by B6 spleen cell injection into non-conditioned B6D2F1 recipients.^[@b22-1040392]^ In this model, which is mainly characterized by severe bone marrow failure^[@b23-1040392]^ and liver destruction, LDV protection correlated with a transient impairment of antigen presentation by DC and with alterations in T-cell allo-responsiveness, both dependent on IFNAR-1 signaling, in agreement with the reported GvHD inhibition by type I interferons.^[@b24-1040392]^

As LDV activates Toll-like receptor 7 (TLR7),^[@b25-1040392]^ we considered the possibility that the TLR7 agonist resiquimod (R848),^[@b26-1040392]^ an imidazoquinoline originally developed as an antiviral agent^[@b27-1040392]^ and an immune adjuvant,^[@b28-1040392]^ could replicate the protective effects of the virus. This idea is somewhat counterintuitive since R848 has adjuvant activity and promotes Th1 immune reactions.^[@b29-1040392]^ However, prolonged exposure of mice to the compound was reported to induce a disruption of the lymphoid system resembling that induced by human immunodeficiency virus.^[@b30-1040392]^

We here report that a transient treatment of mice with R848 just before allogeneic HCT conferred strong protection against GvHD which correlated with inhibition of inflammatory cytokine production, upregulation of transforming growth factor-beta (TGF-β) and Treg and could be further enhanced by anti-IL-27 monoclonal antibody (anti-IL-27) therapy.

Methods
=======

Mice
----

Mice were bred under specific pathogen-free conditions at the animal facility of the Ludwig Cancer Research Brussels Branch under the direction of Guy Warnier (DVM). Experimental protocols and animal handling were approved by the ethical committee of the Medical Faculty of the Université de Louvain (accreditation n.: 2016/UCL/MD/010). IFN-α/βR^−/−^ 129/Sv mice (IFNAR-1^−/−^) were a gift from Dr. M. Aguet.^[@b31-1040392]^

Reagents
--------

Donor and/or recipient mice were injected intraperitoneally 48 h and 24 h or 0 h before donor cell implantation with 25 mg/mouse resiquimod (R848) (Cat. ALX-420-038-M005, EnzoLifeSciences, NY, USA). Anti-IL-27p28 monoclonal antibody (aIL-27) (clone: MM27.7B1) is a previously described mouse IgG2a antibody.^[@b32-1040392]^ Recipient animals were given 0.5 mg intraperitoneally on days 0 and 6 after transplantation. Anti-CD25 antibody (clone: PC61) was generated in-house from hybridomas obtained from the American Type Culture Collection (Manassas, VA, USA).^[@b33-1040392]^ Donor and recipient mice were treated with two intraperitoneal injections of anti-CD25 antibody (400 mg/mouse) 6 days before and 1 day after donor cell transfer.

Other detailed methods
----------------------

All other methods are described in the *Online Supplementary Methods*.

Results
=======

R848 prevents lethal parent to F1 non-conditioned graft-*versus*-host disease
-----------------------------------------------------------------------------

The effect of R848 was first tested in non-conditioned (nc) GvHD to avoid the inflammatory cytokine burst induced by host irradiation. The agent was administered to recipient B6D2F1 and/or donor B6 mice 24 and 48 h before donor spleen cell injection. Data pooled from five experiments showed 100% mortality in control mice by day 25. R848 treatment of either recipient or donor resulted in survival rates of 40% and 60%, respectively, while combined treatment of both resulted in 100% long-term survival ([Figure 1A](#f1-1040392){ref-type="fig"}). Morbidity evaluated by weight loss was also totally suppressed after donor and recipient treatments ([Figure 1B](#f1-1040392){ref-type="fig"}). Timing of R848 administration was important since treatments given too early (6-5 days before transplantation) or too late (5-6 days after transplantation) were not protective ([Figure 1C](#f1-1040392){ref-type="fig"}). R848 treatment also minimized hepatocyte destruction but mononuclear cell infiltration was still present ([Figure 1D](#f1-1040392){ref-type="fig"}). This tissue protection was confirmed by suppression of *serum amyloid A (SAA)1/2* and *SAA3* mRNA expression in liver cells ([Figure 1E](#f1-1040392){ref-type="fig"}).

![R848 treatment of recipient B6D2F1 and donor B6 mice before spleen cell transfer completely blocks non-conditioned graft-*versus*-host disease. B6D2F1 mice, treated with R848 or not (25 mg at 48 and 24 h before transplantation), were injected intraperitoneally with 60×10^6^ spleen cells from B6 mice non-treated (NT) or treated with R848, 48 h before cell transfer. Mice were monitored for (A) mortality and (B) weight loss. (C) R848 treatment kinetics: B6D2F1 and B6 mice were treated with R848 (25 mg) twice (6 and 5 days before; 2 and 1 days before and 5 and 6 days after B6 cells transfer) and recipients were monitored for mortality. (D) Liver sections were prepared from NT B6D2F1, control or R848 14 day-GvHD mice. Hematoxylin & eosin--stained slides were analyzed for histopathological damage and representative sections illustrate mononuclear inflammatory cells present in portal tracts (green arrow) and large-dilated sinusoidal spaces (red arrow) are indicated. Scale bars in the upper and lower panels represent 200 and 50 μm, respectively. (E) RNA was extracted from total liver and analyzed by real-time quantitative polymerase chain reaction for *SAA1/2* and *SAA3* expression. (F) After 14 days of GvHD induction, spleen cells from NT B6 → NT B6D2F1 (control) and R848 B6 → R848 B6D2F1 (R848) GvHD mice were recovered and stained with anti-H-2D^d^ and H-2D^b^ antibodies to assess the presence of host and donor cells by flow cytometry. On the left, representative mouse dot plots illustrating percentages (gated on total living cells) and on the right, absolute numbers of host (H-2D^b^) and donor (H-2D^d/b^) cells are shown. Overall survivals are depicted (\*\*\**P*\<0.001 by the log-rank test). Data are from three to five experiments (\**P*\<0.05, \*\*\**P*\<0.001 by the Kruskal-Wallis test with Dunn multiple comparison test or ANOVA--Bonferroni post-test).](104392.fig1){#f1-1040392}

Finally, after 14 days, host spleen cell numbers had dropped from ±50×10^6^ to ±2×10^6^ in the control GvHD group but remained unchanged or even slightly increased after R848 treatment, demonstrating host spleen cell protection by R848. Spleen cell implantation by R848-treated B6 donors was low after 14 days, approximately 4×10^6^ cells, but increased with time, resulting in a permanent chimerism reaching 20×10^6^ B6 cells per spleen after 100 days ([Figure 1F](#f1-1040392){ref-type="fig"}).

R848 treatment inhibits production of IFNγ, TNFα and IL-27 but stimulates active TGF-β1 secretion in non-conditioned graft-*versus*-host disease
------------------------------------------------------------------------------------------------------------------------------------------------

B6→ncB6D2F1 GvHD was characterized by high concentrations of plasma IFNγ and IL-27 that reached maxima at day 10 and returned to nearly undetectable levels by day 14. R848 treatment essentially abolished these cytokine peaks ([Figure 2A](#f2-1040392){ref-type="fig"}). RNA analysis confirmed upregulation of *Ifng* expression in spleen and liver of untreated transplanted mice and its complete silencing by R848 ([Figure 2B](#f2-1040392){ref-type="fig"}). A similar inhibition was seen for TNFα ([Figure 2A](#f2-1040392){ref-type="fig"}), a cytokine that also contributes to GvHD pathology.^[@b34-1040392]^ Given the potential implication of TGF-β in the control of GvHD,^[@b35-1040392],[@b36-1040392]^ we also measured TGF-β1 and TGF-β3 by enzyme-linked immunosorbent assays selectively detecting the active forms of these cytokines and observed a strong upregulation of the former ([Figure 2A](#f2-1040392){ref-type="fig"}), but not the latter (*data not shown)* after R848 treatment. As shown in [Figure 2A](#f2-1040392){ref-type="fig"}, active TGF-β1 was upregulated from day 6 to day 14, but was no longer detectable at day 50 (*data not shown*).

![R848 treatment lowers inflammatory cytokines but increases active transforming growth factor beta-1 in non-conditioned graft-*versus*-host disease. GvHD was induced by the transfer of 60×10^6^ B6 spleen cells into B6D2F1 recipients. One group was left non-treated (Control GvHD) and in one group, both recipients and donors were treated with R848 48 and 24 h before transplant (R848 GvHD). (A) IFNγ, IL-27p28, active TGFβ-1 and TNFα were measured in plasma by enzyme-linked immunosorbent assay. (B) Spleen and liver cells were analyzed by real-time quantitative polymerase chain reaction on days 6, 10 and 14. IFNγ gene expression, normalized against β-actin, is shown. RNA was extracted from total spleen and liver. Data are pooled from two independent experiments and representative of three (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\< 0.001 by the Kruskal-Wallis test with Dunn multiple comparison test).](104392.fig2){#f2-1040392}

R848 treatment before hematopoietic cell transplantation inhibits T-cell allo-responsiveness and major histocompatibility complex presentation by conventional dendritic cells through type I interferon signaling
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Optimal prevention of B6→ncB6D2F1 GvHD required treatment of both donor and recipient with R848. Since host T cells are not reactive against the implanted parental cells, the action of R848 on the F1 partner is likely on antigen presentation. To assess the influence of R848 on this process and on T-cell responsiveness, normal B6D2F1 and B6 mice were injected with R848 or phosphate-buffered saline for two consecutive days before spleen cell collection. B6 spleen cells were then incubated with B6D2F1 irradiated adherent spleen cells as a source of antigen-presenting cells (APC). In control mice, this combination induced strong proliferation and IFNγ production. R848 treatment of either B6D2F1 stimulating or B6 responder mice inhibited proliferation and IFNγ production ([Figure 3A](#f3-1040392){ref-type="fig"}), indicating that 48 h of treatment with R848 of otherwise non-manipulated mice impaired both antigen presenting and responder cells.

![*In vivo* treatment of mice with R848 affects responder and presenting cells in mixed lymphocyte culture: role of IFNAR-1. (A) B6D2F1 and B6 mice were treated or not with R848 (25 mg) 48 and 18 h before mixed lymphocyte culture of B6 responder cells and irradiated B6D2F1 APC. After 48 h, (left) proliferation and (right) IFNγ production were determined by ^3^H-thymidine incorporation and enzyme-linked immunosorbent assay, respectively. (B) Spleen cells from 129/Sv and 129/Sv IFNAR-1^−/−^ mice were collected 48 h after *in vivo* R848 treatment and incubated with B6D2F1 APC. Proliferations and IFNγ were measured. (C) 129/Sv spleen cells cells were stained for CD4, LIVE/DEAD^®^ and Foxp3 to determine the percentage and absolute numbers of Treg. (D) Treg were depleted with PC61 antibody in B6 mice 4 days before R848 treatment. B6 spleen cells were collected 48 h after *in vivo* R848 treatment and incubated with B6D2F1 APC and IFNγ was measured after 72 h. (E) FVB (H2^q^) splenocytes were incubated without APC or with CD11b^+^ cDC, CD8a^+^ cDC or pDC purified by MACS beads and FACS sorting from normal and R848-treated 129/Sv mice. After 48 h, proliferation was recorded. (F) Spleen cells from 129/Sv and 129/Sv IFNAR-1^−/−^ mice were collected 48 h after R848 treatment and co-cultured with FVB responder splenocytes. Proliferation and IFNγ were measured. Data are from two to four experiments in all panels (\**P*\<0.05, \*\*\**P*\<0.001 by the Kruskal-Wallis test with Dunn multiple comparison test).](104392.fig3){#f3-1040392}

TLR7 activation leads to production of type I interferons.^[@b26-1040392]^ We, therefore, tested the implication of IFN in R848-mediated T-cell suppression in allogeneic mixed lymphocyte cultures using spleen cells from 129/Sv (H-2D^b^) or 129/Sv-IFNAR-1^−/−^ mice as responder cells and B6D2F1 irradiated adherent spleen cells as APC. This experiment confirmed the inhibitory effect of R848 on the allogeneic responder cells in a different mouse strain and showed that, in 129/Sv-IFNAR-1^−/−^ responder cells, proliferation and IFNγ production were not inhibited ([Figure 3B](#f3-1040392){ref-type="fig"}). R848-induced inhibition was not correlated with an increase in Foxp3^+^ Treg ([Figure 3C](#f3-1040392){ref-type="fig"}) and depletion of Treg with anti-CD25 PC61 antibody before R848 treatment did not prevent the inhibition of IFNγ production during the allogeneic mixed lymphocyte culture ([Figure 3D](#f3-1040392){ref-type="fig"}).

We previously showed that TLR7 viral stimulation transiently inhibits conventional DC (cDC), the only splenic cells able to activate an allogeneic T-cell response *in vitro*.^[@b22-1040392]^ To evaluate the effect of R848 on allogeneic antigen presentation in the allogeneic mixed lymphocyte culture, CD11b^+^ cDC, CD8a^+^ cDC and pDC were purified from 129/Sv mice 48 h after R848 treatment and co-cultured with FVB (H-2^q^) CD4 T cells. CD11b^+^ and CD8α^+^ cDC were the main stimulating cells in the mixed lymphocyte culture and this capacity was impaired in mice treated with R848 ([Figure 3E](#f3-1040392){ref-type="fig"}). This suppression of APC was also dependent on IFNAR-1 ([Figure 3F](#f3-1040392){ref-type="fig"}).

These data indicate that at the time of donor cell transfer, R848 administration inhibited both antigen stimulation by cDC and T-cell responsiveness in a type 1 interferon-dependent process. This impairment of T-cell allo-responsiveness induced by R848 after 48 h did not involve Treg.

R848 treatment impairs effector donor T cells and increases regulatory T cells in a non-conditioned graft-*versus*-host disease model
-------------------------------------------------------------------------------------------------------------------------------------

To evaluate the effect of R848 on responder T cells during GvHD, we first used CFSE-labeled CD5 B6 cells. Six days after transplantation, staining dropped considerably in B6 cells transplanted into B6D2F1 but not into B6 recipients. This loss of CFSE staining, although diminished, still occurred in R848-treated mice with GvHD, indicating that donor cell division was not completely suppressed by R848 ([Figure 4A](#f4-1040392){ref-type="fig"}). The slower expansion of donor T cells after R848 treatment was confirmed by the decrease in implanted donor CD4 and CD8 T cells 14 days after transplantation ([Figure 4B](#f4-1040392){ref-type="fig"}). However, ultimately R848 did not abrogate B6 donor cell engraftment as chimerism was still detected up to 100 days after transplantation (see [Figure 1G](#f1-1040392){ref-type="fig"}). Donor CD8 T cells were also five times less abundant in R848-protected GvHD than in control ncGvHD. These effects were not the consequence of R848 toxicity for T cells since host CD4 T cells remained unchanged ([Figure 4B](#f4-1040392){ref-type="fig"}).

![R848 treatment lowers effector T cells but increases regulatory T cells during non-conditioned graft-*versus*-host disease. (A) B6D2F1 and B6 mice, treated with R848 or not, received 15×10^6^ B6 CD5^+^ cells labeled with CFSE from B6 mice not treated (NT) or treated with R848 48 h before cell transfer. After 6 days, anti-H-2D^d^, -H-2D^b^ and -TCRβ antibodies were used to analyze the proliferation level of B6 T cells in host spleen by flow cytometry. (B-E) 14 days after total B6 spleen cell transfer, spleen cell subsets were enumerated by FACS, using anti-H2D^d^, -H2D^b^, -CD4, -CD8, -CD44, -CD62L and -CD69 antibodies. (B) Plots show absolute numbers of CD4 and CD8 T cells. (C) CD44, CD62L and (D) CD69 expression by T cells is represented with density plots or histograms for percentages and plots for absolute numbers. (E) H-2D^d^, H-2D^b^, LIVE/DEAD^®^, CD4, TCRβ and Foxp3 staining was used to determine by flow cytometry the percentage (left) and absolute number (right) of Treg in host spleen 14 days after induction of GvHD. Data are from two to three experiments in all panels (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 by the Kruskal-Wallis test with Dunn multiple comparison test or Mann--Whitney unpaired *t*-test).](104392.fig4){#f4-1040392}

The persistence of donor T cells in the R848-protected mice raised the question of the activation state of these cells. We evaluated the proportion of naïve and memory cells with CD62L and CD44 labeling, respectively. The massive loss of CD62L expression by CD4 T cells observed in control ncGvHD was partially inhibited by R848 (67% in control mice, 3.9% in control GvHD and 26% in R848-protected GvHD) and the same trend was seen for CD8 T cells, indicating that donor T-cell activation was partially inhibited by R848 ([Figure 4C](#f4-1040392){ref-type="fig"}). In contrast, the upregulation of CD44 on CD4 T cells was not significantly modified by R848 (2.50-fold upregulation in control and 2.45 fold with R848, [Figure 4C](#f4-1040392){ref-type="fig"}). With regards to the activation marker CD69, its expression was unchanged by R848 on CD8 T cells and even somewhat enhanced on CD4 T cells ([Figure 4D](#f4-1040392){ref-type="fig"}). In contrast to B6 donor cells, there was no significant change in CD44/CD62L T-cell proportions in control and R848 recipient groups. However, in control GvHD, as the B6D2F1 splenocytes were destroyed, their numbers dramatically dropped (*Online Supplementary Figure S1A*) whereas in the R848 group, the numbers of CD44^+^ and CD62L^+^ T cells were significantly more important than in control GvHD but remained in the same order as in naïve mice. In addition, an increase was observed for CD69^+^ CD4 T cells in R848-protected mice as compared to control B6D2F1 mice (*Online Supplementary Figure S1B*).

We next examined the influence of R848 treatment on Treg in the same experiments. First, we observed a 10-fold decrease in the proportion of donor and recipient Foxp3^+^ CD4 T cells 14 days after B6 spleen cell transplantation. In contrast, in R848-treated GvHD mice, recipient Foxp3^+^ CD4 T cells increased 4-fold while donor Treg returned to normal B6 levels ([Figure 4E](#f4-1040392){ref-type="fig"}).

Together, these data indicate that during ncGvHD R848 affected donor CD4 and CD8 T-cell implantation and activation but the inhibition was only partial and did not prevent the establishment of permanent chimerism. On the other hand, R848 prevented GvHD-induced loss of donor and recipient Treg and even increased the latter above normal levels.

Regulatory T cells contribute to R848-mediated prevention of non-conditioned graft-*versus*-host disease
--------------------------------------------------------------------------------------------------------

The contribution of Treg to the protective effect of R848 was tested by depletion of Treg using anti-CD25 PC61 antibody treatment of B6 donors and B6D2F1 recipients. PC61 antibody was injected 4 days before R848 treatment and a second injection was administered 1 day after B6 spleen cell transplantation. As compared to donor CD4 T cells from R848-treated mice with GvHD, B6 CD4 T cells from the PC61-R848 GvHD group engrafted host spleen faster and their numbers were significantly higher at 14 and 20 days after B6 cell transfer and continued to expand up to day 50. PC61 antibody completely depleted their Foxp3^+^ Treg population which remained totally absent during the course of GvHD in contrast to that in the R848-treated mice, in which they expanded more than 6-fold from day 14 to day 50 ([Figure 5A](#f5-1040392){ref-type="fig"}). Regarding host Treg, in PC61-R848-treated mice, half of the initial Treg population recovered 14 days after GvHD induction. In contrast, in R848-treated GvHD mice, B6D2F1 Treg numbers almost doubled compared to normal B6D2F1 mice and increased four times *versus* PC61-R848 ncGVHD mice and their levels remained unchanged up to day 50 after transplantation (*Online Supplementary Figure S2A,B*).

![Foxp3^+^ regulatory T cells are involved in graft-*versus*-host disease prevention by R848. Treg were depleted with PC61 antibody in donor and recipient mice 4 days before R848 treatment and 1 day after B6 cell transfer in the non-conditioned GvHD model. (A) After 14, 20 and 50 days of B6 cell implantation, H-2D^d^, H-2D^b^, LIVE/DEAD^®^, CD4, TCRβ and Foxp3 staining was used to evaluate Treg populations by flow cytometry. Mice were monitored for (B) weight loss and (C) mortality. (D) Anti-CD44 and -CD69 antibodies were used to analyze T-cell activation after 14 and 20 days. (E) IFNγ, IL-27p28 and active TGFβ-1 were measured by enzyme-linked immunosorbent assay in plasma prepared from mice bled on days 6, 14 and 20. Data are from two to three experiments in all panels (\**P*\<0.05, \*\* *P*\<0.01, \*\*\**P*\<0.001 by the Kruskal-Wallis test with Dunn multiple comparison test, Mann--Whitney unpaired t-test and ANOVA--Bonferroni post-test).](104392.fig5){#f5-1040392}

PC61 treatment of the R848 GvHD mice resulted in weight loss starting from day 17, a few days later than in control GvHD mice. The percentage weight loss was finally the same in both groups, suggesting a significant contribution of Treg in the prevention of ncGVHD morbidity by R848 ([Figure 5B](#f5-1040392){ref-type="fig"}). However, PC61 treatment only partially decreased the survival of R848-treated mice (70% *versus* 90%) ([Figure 5C](#f5-1040392){ref-type="fig"}). This trend was observed in two additional experiments.

In order to test whether Treg depletion affected the level of donor T-cell activation, we evaluated CD44 and CD69 expression levels 14 and 20 days after ncGVHD induction. When Treg were depleted in R848-treated mice, CD44^+^ and CD69^+^ B6 CD4 and CD8 T cells were significantly increased and CD69 levels even exceeded those of the control ncGVHD group. Compared to day 14 levels, the B6 CD69^+^ T-cell population tripled at day 20, indicating that an absence of Treg increased expansion of memory and activated donor T cells ([Figure 5D](#f5-1040392){ref-type="fig"}). However, Treg depletion by PC61 did not seem to influence early cytokine production since no significant differences in IFNγ, IL-27p28 and active TGF-β1 plasma concentrations were observed between R848- and PC61-R848-treated mice ([Figure 5E](#f5-1040392){ref-type="fig"}).

Together, the data suggest that Treg from donors and recipients contributed to R848-mediated GvHD prevention. However, despite the depleting treatment, a small population of host Treg remained present, which could explain why R848 protection was not completely abrogated and resulted in death of only 30% of PC61-R848-treated mice. As shown previously, R848 GvHD protection correlates with a strong drop in pro-inflammatory cytokines and this was still observed after Treg depletion, which could also explain why the protective effect of R848 was not completely suppressed by Treg depletion.

R848 cooperates with anti-interleukin-27p28 monoclonal antibody in regulatory T-cell upregulation and graft-*versus*-host disease prevention in conditioned models
------------------------------------------------------------------------------------------------------------------------------------------------------------------

B6 spleen cell transfer into ncB6D2F1 recipients is an optimal strategy for dissecting the mechanisms involved in immune-mediated hematopoietic cell destruction and can be used as a model of induced bone marrow failure^[@b23-1040392]^ but does not fully replicate allogeneic HCT. To test R848 in full allogeneic HCT, BALB/c mice were injected with R848 24 h before irradiation (8 Gy) and immediately after B6 spleen and bone marrow cell transfer (B6→8Gy-BALB/c). All untreated mice rapidly developed acute GvHD and started to die from day 7 whereas 90% of the mice injected with R848 survived more than 40 days ([Figure 6A](#f6-1040392){ref-type="fig"}).

![R848 and anti-interleukin-27p28 monoclonal antibody administration to recipient mice prevents acute graft-*versus*-host disease in irradiated models. (A) BALB/c recipient mice were irradiated with 8 Gy and treated or not with R848 (25 mg/mouse) 48 h and 0 h before transplantation of 2×10^6^ B6 CD5^+^ splenocytes and 10^7^ B6 T-cell depleted bone marrow cells (TCD-BM). In addition, both recipient groups were treated or not (NT) with 0.5 mg anti-IL-27 (aIL-27) on days 0 and 6. Mice were monitored for survival. (B) Six days after B6-cell transfer, IFNγ and IL-27p28 were measured by enzyme-linked immunosorbent assay in plasma from irradiated-GvHD BALB/c mice. (C) B6D2F1 recipient mice were irradiated with 5 Gy and treated or not with R848 (25 mg/mouse) 48 and 24 h before transplantation of 40×10^6^ splenocytes and 10^7^ TCD-BM cells from B6 mice similarly treated with R848 or not. In addition, both recipient groups were treated or not with aIL-27 (0.5 mg) on days 0 and 6. Mice were monitored for survival. Data are representative of two to three experiments. (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 by the log rank test and Kruskal-Wallis test with Dunn multiple comparison test).](104392.fig6){#f6-1040392}

However, R848 did not completely prevent the GvHD reaction since IL-27p28 and IFNγ were still upregulated in R848-protected mice ([Figure 6B](#f6-1040392){ref-type="fig"}). This incomplete suppression of a GvHD reaction was even more striking in sub-lethally irradiated (5 Gy) B6D2F1 recipients of B6 spleen cells, in which R848 pre-treatment of host and donor before transplantation, as in the experiments described above in non-conditioned mice, solely delayed disease and no longer increased survival significantly ([Figure 6C](#f6-1040392){ref-type="fig"}), contrary to the total protection seen in non-irradiated recipients. This also correlated with the persistence of pro-inflammatory cytokines IL-27p28 and IFNγ, which R848 treatment failed to decrease (*data not shown*). As IL-27, which has been shown to contribute to GvHD pathology,^[@b10-1040392],[@b11-1040392]^ was still present in the irradiated models, we tested the combination of R848 and anti-IL-27 and observed that this resulted in 100% survival of the 5 Gy-irradiated B6D2F1 recipients ([Figure 6C](#f6-1040392){ref-type="fig"}).

The anti-IL-27-R848 combination also operated in B6→8Gy-BALB/c GvHD as it significantly decreased the concentration of plasma IFNγ, which was not the case when either agent was used separately ([Figure 6B](#f6-1040392){ref-type="fig"}). However, it did not prevent T-cell engraftment since we observed the same numbers of CD4 and CD8 T cells ([Figure 7A](#f7-1040392){ref-type="fig"}) and total B6 donor cell implantation ([Figure 7B](#f7-1040392){ref-type="fig"}). Already after 6 days, the number of B6 CD4 T cells recovered from the BALB/c spleen was equivalent to the total number injected and for CD8 T cells the number of cells had increased ±10-fold. These numbers were not modified by R848, anti-IL-27 or the anti-IL-27-R848 combination ([Figure 7A](#f7-1040392){ref-type="fig"}). Similarly, upregulation of the memory marker CD44 and the activation marker CD69 in B6 CD4 and CD8 T cells recovered 6 days after transplantation were not modified by R848. The only difference was observed for the CD62L naïve cell marker that was completely lost in B6 CD4 and CD8 T cells recovered from control GvHD mice but remained significantly higher in the group treated with the anti-IL-27-R848 combination (*Online Supplementary Figure S3A*).

![The combination of anti-interleukin-27p28 monoclonal antibody and R848 induces strong regulatory T-cell activation in acute graft-versus-host disease in irradiated recipients. BALB/c recipient mice were irradiated with 8 Gy and treated or not with R848 (25 mg/mouse) 48 and 0 h before transplantation of 2×10^6^ CD5^+^ splenocytes from B6 mice. In addition, recipients were treated or not with anti-interleukin-27p28 (aIL-27) on days 0 and 6. After (A) 6 and (B) 40 days of GvHD induction, spleen cells were recovered and stained with anti-H-2D^d^, -H-2D^b^, -CD4 and -CD8 for FACS spleen cell subset analysis. (C-D) H-2D^d^, H-2D^b^, LIVE/DEAD^®^, CD4, CD8, LAP and Foxp3 staining was added on 6-day-GvHD spleen cells to evaluate Treg populations. Data are from two to three experiments (\*\**P*\<0.01, \*\*\**P*\<0.001 by the Kruskal-Wallis test with Dunn multiple comparison test).](104392.fig7){#f7-1040392}

As we previously showed that Treg contribute to the R848 protection in B6→ncB6D2F1 GvHD, Treg populations were also analyzed 6 days after B6→8 Gy-BALB/c GvHD induction. The numbers of Foxp3^+^ CD4 T cells were significantly higher in the R848-treated group than in the control group and adding anti-IL-27 to the R848 treatment further increased the Treg population 2-fold ([Figure 7C](#f7-1040392){ref-type="fig"}). Sixty-five percent of these Foxp3^+^ CD4 cells were positive for latent TGF-β1-associated protein (LAP), attesting their state of activation ([Figure 7D](#f7-1040392){ref-type="fig"}). The stimulating effect of the anti-IL-27-R848 combination on Foxp3 expression was even more striking for CD8 Foxp3^+^ T cells, which were barely detectable in the donor B6 spleen but reached levels equivalent to their CD4 counterparts in the anti-IL-27-R848 group. This was not seen in mice treated with either R848 or anti-IL-27 ([Figure 7C](#f7-1040392){ref-type="fig"}). Interestingly, following anti-IL-27 treatment, B6 Foxp3^+^ CD4 T cells increased 3-fold more than in the control GvHD group and 75% of these cells were activated. In contrast, R848 administration did not significantly amplify these cells, which correlated with the failure of the TLR7 ligand to increase survival in B6→5Gy-B6D2F1 mice. The anti-IL-27-R848 combination induced a strong increase of Foxp3^+^ CD4 T cells, which were 5-fold more numerous than in control GvHD mice and 85% were LAP^+^. In this irradiated model, the Foxp3^+^ CD8 population, although present, was substantially less abundant (*Online Supplementary Figure S3B*).

Thus, R848 treatment failed to provide complete protection against conditioned GvHD but full protection was restored when anti-IL-27 was added. The combination was necessary to abrogate IFNγ production and to induce maximal Foxp3^+^ CD4 and CD8 cell responses.

Discussion
==========

Innate pattern recognition receptors, including TLR, are implicated in the control of GvHD.^[@b37-1040392]^ Most often TLR stimulation aggravates disease, as reported for TLR4^[@b38-1040392]^ and TLR9,^[@b39-1040392]^ but the consequences may differ depending on the time of TLR stimulation with respect to allogeneic HCT as observed for the TLR7/8 agonist 3M-001.^[@b40-1040392],[@b41-1040392]^

The present study demonstrates the prevention of murine GvHD by the TLR7 ligand resiquimod/R848 and further improvement of protection by inhibition of IL-27.^[@b10-1040392],[@b11-1040392]^ Our results indicate that R848 administration to recipients 48 h before and at the time of allogeneic HCT promoted survival in lethally irradiated recipients of fully allogeneic hematopoietic cells and in the lethal form of GvHD induced in ncB6D2F1 recipients of B6 parental spleen cells. In this model, R848 inhibited IFNγ, IL-27 and TNFα production while upregulating TGF-β1, thus altering the cytokine balance. However, this suppression of Th1 cytokine production was not observed in mice with conditioned GvHD which were also protected by R848, suggesting that inhibition of IFNγ, IL-27 and TNFα was not the only underlying mode of action. This conclusion was indirectly confirmed in the sublethally irradiated B6→B6D2F1 model in which R848 was not protective on its own but still enhanced protection by anti-IL-27. Together, these results indicate that the protective activity of R848 involves but is not limited to IL-27 inhibition as its effect could still be improved by antibody-mediated IL-27 inhibition.

In the B6→ncB6D2F1 GvHD model, complete protection required treatment of both the donor and recipient. As the contribution of F1 recipients to GvHD is limited to antigen presentation, these results suggest that R848 impaired both APC and T-cell responders. Analyses performed just before GvHD induction confirmed this hypothesis since DC antigen presentation and T-cell allo-responsiveness were inhibited in spleen cells collected from R848-treated mice. In agreement with the literature,^[@b42-1040392]^ we observed that R848 induced a transient loss and functional inhibition of splenic cDC (both CD11b^+^ and CD8α^+^), the main cells able to induce allogeneic responses *in vitro* and that are known to play an important role in GvHD induction *in vivo*.^[@b43-1040392],[@b44-1040392]^ This drop in splenic DC was very transient and antigen presentation returned to normal after 7 days (*unpublished observation*), suggesting that a short inactivation of host DC is sufficient to alter the initiation of GvHD. R848 induced a similar inhibition of the capacity of T cells to respond to allogeneic *in vitro* stimulation. Type I interferons seem to be critical in the suppression of DC and T-cell allo-responsiveness by R848 as both remained unaltered in R848-treated IFNAR-1^−/−^ mice. This observation is in line with reported inhibition of DC and CD4 T cells by type I interferons.^[@b24-1040392]^

Importantly, the inhibition of T-cell allo-responsiveness by R848 *in vivo* treatment, demonstrated by *ex vivo* mixed lymphocyte cultures, did not prevent their implantation as chimerism was maintained for months. Moreover, the implanted T cells completely lost naïve T-cell marker CD62L and showed only partial inhibition of CD44 and CD69 memory and activation marker upregulation. This implies the existence of other regulatory mechanisms permitting the persistence of donor T cells in the host with reduced GvHD manifestations. A likely explanation was the effect of R848 on donor and recipient Foxp3^+^ Treg. The number of these cells dropped dramatically during GvHD but not in R848-treated mice in which their numbers even increased compared to basal control levels. This was particularly striking for Foxp3^+^ CD8 T cells. Moreover, the presence of LAP on their surface demonstrated that these cells were in an activated state. These results are in agreement with the upregulation of Treg by R848 reported in an asthma model.^[@b45-1040392]^ Given the implication of Treg in the control of GvHD,^[@b19-1040392],[@b20-1040392]^ this Treg stimulation probably contributed to the protective effect of R848. This conclusion was substantiated by the observation that depletion of Treg by anti-CD25 antibody treatment restored morbidity to levels equivalent to those of control GvHD mice although survival was only partly impaired. The importance of Treg upregulation for GvHD prevention by R848 was further demonstrated in the B6→5Gy-B6D2F1 model in which R848 treatment failed to induce a robust Treg response which correlated with poor survival. Interestingly, adding anti-IL-27p28 monoclonal antibody to R848 restored the Treg response and resulted in complete protection. These results are in line with reported GvHD impairment by *in vitro* R848 stimulation of Treg^[@b46-1040392]^ and reveal the R848-anti-IL-27 combination as a new option for maximal Treg upregulation and prevention of GvHD without inhibiting donor cell implantation.

R848 upregulated plasma levels of active TGF-β1 during GvHD, which probably contributed to the observed increase in Treg and to the inhibition of allogeneic T-cell responsiveness that characterized T cells recovered from R848-treated mice. These results are in agreement with the reported severity of murine GvHD induced by donors lacking SMAD3^[@b35-1040392]^ as well as the predictive impact of TGF-β expression in human allogeneic HCT donors on GvHD occurrence.^[@b47-1040392]^ The beneficial effect of high TGF-β1 levels could be related not only to Foxp3^+^ Treg cell expansion but also to the capacity of TGF-β to inhibit cytotoxic T-cell development.^[@b48-1040392]^

The complete and long-lasting donor Treg elimination by anti-CD25 antibody only partly suppressed GvHD prevention by R848. This phenomenon could be explained by the presence of a small host Treg population, which recovered after 14 days and remained stable during the course of the GvHD. This partial suppression of R848 protection could also be explained by the other suppressive mechanisms induced by the drug, such as type I interferon-mediated inhibition of DC and T cells and the downregulation of Th1 cytokines mentioned earlier.

In summary, our results demonstrate that, in the context of allogeneic HCT, R848 alters both alloantigen presentation by cDC and Th1-cell responsiveness in a process dependent on type I interferons and correlating with increased TGF-β1 as well as Treg expansion and diminished IFNγ, TNFα and IL-27 production. When not sufficient on its own, R848 protection can be further enhanced by anti-IL-27p28 monoclonal antibody leading to maximal expansion of Foxp3^+^ Treg cells. A remarkable feature of this novel GvHD preventive procedure is that it needs to be applied only just before and at the time of allogeneic HCT and results in permanent coexistence of the host and allogeneic T cells with a significant reduction in GvHD symptoms.

Transposing these data to human conditions raises a number of issues. One is that R848 activation could be more complex in humans as it activates both TLR7 and TLR8, the latter being inactive in mice. Should this raise problems one could, however, use other agents that activate only TLR7 in humans, such as CL264, a 9-benzyl-8 hydroxyadenine derivative. Another issue is the expression of TLR7 by human not murine CD4 T cells.^[@b49-1040392],[@b50-1040392]^ This could in fact further improve the efficacy of TLR7-based prevention of GvHD since engaging TLR7 in human CD4 T cells induces a NFATc2-dependent anergy.^[@b50-1040392]^

Supplementary Material
======================

###### Gaignage et al. Supplementary Appendix

###### Disclosures and Contributions

MG is a FNRS-FRIA PhD Fellow at the Universite Catholique de Louvain. RGM is a Haas-Teichen Fellow of the de Duve Institute. JPC is FNRS research director. The technical help of Pamela Cheou and Emilie Hendrickx and the editorial assistance of Suzanne Depelchin are gratefully acknowledged.

Check the online version for the most updated information on this article, online supplements, and information on authorship & disclosures: [www.haematologica.org/content/104/2/392](www.haematologica.org/content/104/2/392)

**Funding**

This work was supported by the Belgian National Fund for Scientific Research (FNRS), the "Fondation Contre le Cancer" (FCC)(2010-165), the Joseph Maisin Fund, the Interuniversity Attraction Pole of the Belgian Federal Science Policy, and Actions de Recherche Concertée from Fédération Wallonie-Bruxelles.
